INTRODUCTION
The definitive endoderm (DE), one of the three primary germ layers formed during gastrulation, gives rise to a vast array of highly specialized epithelial cell types that line the respiratory and digestive systems, and which contribute to associated organs, such as thyroid, thymus, lungs, liver, pancreas, stomach and intestines. Before the onset of gastrulation, the mouse embryo is a cup-shaped bilayer, composed of an inner epiblast layer of columnar epithelial cells and an outer visceral endoderm (VE) layer of epithelial cells. Gastrulation is initiated at approximately embryonic day (E) 6.5, when epiblast cells undergo an epithelial-to-mesenchymal transition (EMT) and migrate through the primitive streak to form either mesoderm or DE (reviewed by Nowotschin and Hadjantonakis, 2010) . Cells that will contribute to the pluripotent endodermal layer of the embryo undergo a rapid mesenchymal-to-epithelial transition (MET) and intercalate with the VE. Following gastrulation, morphogenetic movements transform the naïve DE, with the integrated VE, into a primitive gut tube. Morphogenesis involves invagination of the foregut and hindgut pockets, expansion of the pockets towards the posterior and anterior, respectively, and closure of the intervening midgut region upon embryonic turning at E9.0 (Lewis and Tam, 2006) .
Nodal, a member of the TGFβ family of ligands that includes TGFβs, Activins and BMPs, is essential for gastrulation and formation of mesoderm and DE, with higher levels of Nodal promoting DE formation rather than mesoderm (Vincent et al., 2003) . Anterior-toposterior patterning of the DE is initiated by both the time and position of cell ingression along the primitive streak (Lawson, 1999) , with the earliest cells to emerge being directed to the foregut. Gradients of Nodal signaling can also regulate patterning within the DE, with high levels specifying foregut endoderm (Norris et al., 2002) . Embryos deficient in Foxh1, a transcription factor that mediates a Nodal autoregulatory circuit resulting in high levels of Nodal, cannot form foregut endoderm, although midgut and hindgut endoderm are present (McKnight et al., 2010) . However, the fate of the endoderm is not fully determined at this stage, as transplantation of posterior endoderm to anterior regions can acquire anterior characteristics and vice versa (Wells and Melton, 2000; Kimura et al., 2007) . Further endoderm patterning is controlled by a series of reciprocal interactions with nearby mesoderm tissues and the various regions becoming determined at different times around somitogenesis. The broad gene expression patterns within the foregut, midgut and hindgut become progressively refined into precise domains in which specific organs will form (Zorn and Wells, 2009; Kraus and Grapin-Botton, 2012) .
In addition to Nodal, DE formation is controlled by a core group of transcription factors, including Eomesodermin [Eomes, eomesodermin homolog (Xenopus laevis) -Mouse Genome Informatics], Foxa2 and Sox17. Eomesodermin is required for specification of DE and limits the expression of mesoderm genes (Arnold et al., 2008; Teo et al., 2011) . Embryos deficient in Foxa2, a forkhead transcription factor, fail to form foregut endoderm, although midgut and hindgut endoderm are present (Dufort et al., 1998; McKnight et al., 2010) , a phenotype similar to Foxh1 −/− embryos (Hoodless et al., 2001; Yamamoto et al., 2001) . By contrast, embryos lacking Sox17, an HMG-box transcription factor, exhibit deficiencies in gut endoderm in which mid-and hindgut tissues fail to expand (Kanai-Azuma et al., 2002) . Endoderm patterning is further refined with several transcription factors defining specific domains for organogenesis, such as Cdx2 for intestine and colon, Hex1 (Hhex -Mouse Genome Informatics) for liver and thyroid, Pdx1 for pancreas and duodenum and Nkx2-1 for lung (reviewed by Grapin-Botton, 2008) . However, the patterning mechanisms after endoderm formation but before organ-specific development are poorly understood.
Endoderm and mesoderm exchange instructive signals that induce specific anteroposterior identities as well as permissive signals required for organogenesis from previously patterned fields. Many growth factor pathways, including FGF, BMP, Wnt and retinoic acid (RA), play multiple stage-specific roles (reviewed by Duester, 2008; Zorn and Wells, 2009; Kraus and Grapin-Botton, 2012) . In mouse and chick embryos, FGF4 promotes Cdx expression in the hindgut and represses expression of Hex and Foxa2 in the foregut (Wells and Melton, 2000; Dessimoz et al., 2006) . Wnt initiates posteriorization, acting directly on endoderm to induce Cdx2 (Gregorieff et al., 2004; McLin et al., 2007; Goessling et al., 2008; Li et al., 2008; Sherwood et al., 2011) . Recently, Engert et al. reported that Wnt/β-catenin signaling also regulates endoderm formation through Sox17 (Engert et al., 2013) . In zebrafish, Xenopus and chick, BMP posteriorizes the endoderm (Tiso et al., 2002; Wills et al., 2008) . In zebrafish and Xenopus, RA is important to establish the foregut-midgut boundary (Stafford and Prince, 2002; Chen et al., 2004) , and in mouse RA generated in the mesoderm is required for dorsal pancreas formation (Molotkov et al., 2005) . RA is also required for posterior endoderm fate establishment (Bayha et al., 2009) . Despite studies implicating many signaling pathways in DE patterning, less is known about the mechanisms that link these pathways and how the effects of the different signaling pathways are integrated during endoderm patterning.
We previously identified a novel domain-specific marker, nephrocan (Nepn) (Hou et al., 2007) , which is first expressed at E7.25 in a limited population of posterior endodermal cells. At E8.0-8.5, expression becomes restricted to the definitive endoderm in the open region of the gut tube between the anterior and posterior intestinal portals. Here, we refer to this region as midgut, and Nepn is the earliest known marker specific to this region. By E9.5, Nepn is expressed in the dorsal pancreas and duodenum. In adult mice, Nepn is expressed in the kidney. Nepn is a member of the small leucinerich repeat protein (SLRP) family, which includes Biglycan and Decorin. Nepn can act as a secreted inhibitor of TGFβ signaling (Mochida et al., 2006) , suggesting a potential functional importance in endoderm development in mice.
Nepn provides a unique opportunity to explore the mechanisms guiding formation and patterning of the midgut DE. We previously showed that two crucial endoderm regulators, Foxa2 and Foxh1, are not required for Nepn expression and midgut DE formation in the mouse embryo (McKnight et al., 2010) . Here, we describe in vivo and in vitro experiments examining the mechanisms regulating Nepn expression. Our results demonstrate that Nepn expression is directly upregulated by RA and Sox17 in a cooperative fashion. Moreover, Nepn expression exhibits a concentration-dependent response to Activin signaling, with low levels inducing expression and high levels inhibiting expression. Together, regulation of the midgut-specific gene Nepn demonstrates that a network composed of TGFβ family ligands, RA and Sox17, cooperatively patterns the midgut DE.
RESULTS

Sox17 directly induces Nepn expression in midgut definitive endoderm
To explore the molecular mechanisms that pattern the midgut endoderm, we analyzed the regulation of Nepn gene expression. As the transcription factor Sox17 is essential for mid-and hindgut expansion, we first examined Nepn expression in Sox17 −/− mice. At E8.25, Nepn expression was completely lost in Sox17 −/− embryos, demonstrating that Sox17 is necessary for induction of Nepn expression, thus supporting previous data showing that Sox17 is required in midgut formation (Fig. 1Ai-iv) . Of interest, expression of Nepn was observed at E9.25 in Sox17 −/− embryos, but was dramatically reduced compared with a heterozygous control (Fig. 1Av,vi) , suggesting that factors other than Sox17 can induce Nepn expression at later stages.
As Nepn expression is downstream of Sox17 during endoderm development, we next explored the mechanisms through which Sox17 regulates Nepn. First, we screened several cell lines for endogenous Nepn expression (supplementary material Fig. S1A ) and selected the murine erythroleukemia cell line (MEL), in which Nepn is expressed, and the embryonic carcinoma cell line (P19), with undetectable Nepn expression, for further study. To determine whether Sox17 can regulate Nepn expression in vitro, we ectopically expressed Sox17 in the cell lines. Supporting the above in vivo data, enforced expression of Sox17 was able to upregulate endogenous Nepn expression both in MEL and P19 cells (Fig. 1B) . A truncated isoform of Sox17 (tSox17), that lacks part of the HMG domain and thus lacks DNA-binding ability (Kanai et al., 1996) , did not induce Nepn expression, demonstrating that induction of Nepn is dependent on Sox17 transcriptional activity.
To determine if Nepn can directly respond to Sox17 expression, we generated a series of luciferase reporter constructs containing the Nepn promoter, including the transcriptional start site (TSS) and various sizes of upstream genomic regions up to −4.7 kb. The luciferase activity of these constructs was evaluated in P19 cells in the presence of ectopically expressed Sox17 ( Fig. 2A) . Constructs containing upstream regions with at least −842 bp and as much as −4.7 kb were induced 6-to 12-fold by Sox17 expression. A significant drop in Sox17-inducible activity occurred when the sequence between −842 bp and −640 bp upstream of the Nepn TSS was deleted, suggesting that an enhancer region that is dependent on Sox17 lies in this region. To explore whether Sox17 regulates Nepn expression through direct binding on the Nepn promoter, we screened the Nepn upstream promoter region up to −842 bp for Sox17 DNA-binding motifs using the JASPAR database (Bryne et al., 2008) . One potential binding site, site A, was identified at −678 bp and scored over 9 in JASPAR. We also observed a second high-scoring site, site B, at −513 bp. Conservation of these two sites is shown in supplementary material Fig. S1B . To evaluate the functionality of these sites, we generated mutations in the two putative binding sequences in the −842 bp promoter luciferase construct. Mutagenesis of site B did not affect the ability of Sox17 to induce the Nepn promoter, whereas either mutation or deletion of site A significantly decreased Nepn promoter activity in the presence of ectopic Sox17 expression (Fig. 2B ). In addition, mutation of site B had little effect on the promoter activity when site A was deleted ( Fig. 2B ), suggesting that Sox17 induces Nepn expression through direct binding to site A. The ability of Sox17 to directly bind to site A was further confirmed by an electrophoretic mobility shift assay (EMSA) (Fig. 2C ). Nuclear extracts from HEK293T cells ectopically expressing Myc-tagged Sox17 were incubated with radioactively labeled oligonucleotides containing site A. Several protein-DNA complexes were observed that were competitively reduced by both wild-type and mutated unlabeled binding sites, indicating non-Sox17-specific binding. One complex (S) was enhanced in the presence of unlabeled oligonucleotides containing a mutated Sox17-binding site and could be super-shifted with an anti-Myc antibody (SS), indicating that the complex contained Sox17 and the binding was specific (Fig. 2C ). Together, our in vivo and in vitro data demonstrate that Sox17 positively controls Nepn transcription within the midgut definitive endoderm through direct binding to the Nepn promoter region.
RA signaling enhances Nepn expression
Nepn is highly expressed in the midgut region of the embryo, but expression is absent in the foregut and hindgut pockets. As Sox17 is expressed throughout the entire DE, additional factors must function to restrict the Nepn expression domain to the midgut. In the early mouse embryo, the RA-responsive domain, as shown using an RA response element (RARE)-lacZ reporter, is restricted to all three germ layers in the trunk region of the embryo (Rossant et al., 1991; Sakai et al., 2001; Mic et al., 2002) , overlapping with expression of Nepn. Thus, we investigated whether RA signaling regulates Nepn expression by employing an ex vivo whole-embryo culture system, in which embryos were incubated in the presence of RA or the RA inhibitor BMS493. After culture for 24 h, embryos in the presence of BMS493 showed reduced expression of Nepn in a dosagedependent manner (Fig. 3A-C) . By contrast, Nepn expression was significantly upregulated in a dose-dependent manner in embryos cultured in the presence of exogenous RA for 24 h ( Fig. 3D-G ). Of note, the Nepn expression domain appears to extend further caudally in the presence of RA (arrow in Fig. 3E ,F). To further confirm the role of RA in Nepn regulation, we analyzed Nepn expression in Raldh2 −/− embryos (Mic et al., 2002) . Raldh2
(Aldh1a2) encodes retinaldehyde dehydrogenase 2 (Raldh2), which mediates an essential step in the synthesis of RA and is the primary homolog active in the gastrulating embryo (Duester, 2008) . At E8.5, Nepn expression was drastically reduced in Raldh2 −/− embryos, indicating that RA signaling is required for Nepn expression in vivo (Fig. 3H-K) . In summary, Nepn expression is substantially decreased when RA signaling is reduced by deletion of Raldh2 or inclusion of RA inhibitors, but upregulated with excess RA signaling.
As P19 is a characterized RA-responsive cell line, we tested whether RA is able to regulate Nepn expression in P19 cells. We found that endogenous Nepn expression was induced in P19 cells in a dosage-dependent manner (Fig. 4A) . After 48 h of 0.1 μM RA treatment, Nepn expression was increased over 100-fold (Fig. 4B) . Moreover, luciferase constructs containing the Nepn promoter region from the TSS to −8 kb upstream showed a strong activation in P19 cells treated with 0.1 μM RA (Fig. 4C) . By using truncations of the −8 kb promoter to further localize the RA-responsive regions, we observed two dramatic drops in promoter activity, one between −2.3 kb and −0.6 kb upstream and the second between −0.3 kb and −0.5 kb upstream from the TSS (Fig. 4C ). To investigate whether RA directly regulates Nepn expression, we analyzed the Nepn genomic region for RARE from the TSS to −8 kb with the JASPAR database. Four sites matching the RAR:RXR_DR5 consensus motif were identified. One of these sites, located at −381 bp upstream of the TSS, was highly conserved between several species by analysis using MULAN (Ovcharenko et al., 2005) (supplementary material Fig. S2A,B) . This putative RARE consists of a canonical half site (GGGTCA) and a more diverse half site (AATGCA) separated by five nucleotides. Interestingly, mutation of this site within the −2.3 kb construct abolished the promoter's ability to respond to RA signaling ( Fig. 4D ), suggesting that this site is crucial for Nepn expression. We further confirmed direct binding of the RA receptor, RARα, with the DNA sequence of this region through EMSA, in which we expressed Myc-tagged RARα in P19 cells. Together, these results indicate that RA signaling directly regulates Nepn expression through a RARE located at −381 bp. Given that both Sox17 and RA can directly regulate Nepn expression, we next explored whether Sox17 and RA regulate Nepn expression in a cooperative fashion. Sox17 or tSox17 (Kanai et al., 1996) were ectopically expressed in P19 cells in the presence of RA or DMSO. Indeed, combination of ectopic Sox17 expression and RA increased endogenous Nepn expression approximately twofold over either factor alone (Fig. 5B) . Moreover, luciferase assays indicated that promoter activity of the construct (2.3 kb) that contains both Sox17-binding motif and RARE was dramatically enhanced with ectopic expression of Sox17 in the presence of RA. Mutation of either the Sox17 DNA-binding site or the RARE significantly reduced this synergistic effect (Fig. 5C ). Together, Sox17 and RA cooperate to promote Nepn expression.
To evaluate whether the Nepn promoter containing the Sox17-binding site and RARE is sufficient to drive midgut DE expression in vivo, we generated transient transgenic embryos using a lacZ reporter gene driven by the 2.3 kb Nepn promoter. Strong lacZ staining was observed in the definitive endoderm in E7.5-8.5 transgenic embryos (four out of four) (Fig. 5D-G) , overlapping with the Nepn expression domain (Hou et al., 2007) . Of note, although the expression did not extend into the foregut region, expression in the hindgut was observed in two of the embryos that showed strong lacZ staining (Fig. 5D,E) , suggesting that both Sox17 and RA signaling can regulate gene expression in the hindgut in vivo. Thus, additional elements are likely required to refine the posterior boundary. Low levels of lacZ expression were also detected in mesoderm (three out of four embryos) (Fig. 5F ), suggesting that the 2.3 kb promoter region is able to weakly respond to RA signaling in mesoderm. Together, our results support a model in which Sox17 and RA are required for expression of Nepn in midgut definitive endoderm.
The anterior Nepn expression boundary is dependent on Nodal signaling
Nodal signaling is essential for DE formation. Removal of maternal RA by embryonic Cyp26 (Cyp26a1b1/c1 -Mouse Genome Informatics)-mediated RA degradation has been shown to be necessary to correctly regulate Nodal expression in the embryo (Uehara et al., 2009) . To explore whether Nodal signaling regulates Nepn expression, we examined RA-dependent induction of endogenous Nepn in P19 cells in the presence and absence of exogenous ActivinA. In these studies, we used ActivinA as a ligand, as it activates the same receptor, ALK4 (also known as Acvr1b), and intracellular signaling pathways as Nodal without a requirement for a co-receptor (e.g. Cripto). In P19 cells, ActivinA alone did not induce Nepn expression (supplementary material Fig. S3A) . However, Nepn expression demonstrated a concentration-dependent response to addition of ActivinA in the presence of RA. ActivinA at low concentrations (5-10 ng/ml) strongly synergized with RA and induced Nepn expression nearly 300-fold. By contrast, ActivinA at a high concentration (100 ng/ml), which is commonly used for endoderm differentiation of stem cells, inhibited RA-dependent induction of Nepn (Fig. 6A) . As RA is able to induce Sox17 in F9, an embryonic carcinoma cell line (Futaki et al., 2003) , we examined whether induction of Sox17 was responsible for the dose-dependent response of Nepn to RA and ActivinA in P19 cells. Of note, Sox17 was induced by RA in P19 cells, but its expression was not varied by addition of low amounts of ActivinA (1-20 ng/ml) (Fig. 6A) , indicating that the mechanism of synergistic activity of low Activin with RA is not through increased expression of Sox17.
We next examined if the Nodal/Activin signaling pathway alters the Nepn expression domain in vivo by examining Foxh1 −/− embryos. Foxh1 is a transcription factor that mediates high levels of Nodal signaling during gastrulation through an auto-regulatory loop (Saijoh et al., 2000; Norris et al., 2002) . Loss of Foxh1 results in a failure to form foregut endoderm, whereas midgut endoderm is evident (McKnight et al., 2010) . This phenotype is similar to mice carrying a deletion in the Foxh1-dependent auto-regulatory enhancer in Nodal (Norris et al., 2002) . To determine whether reduced Nodal signaling affected Nepn expression, we examined E8.5-9.5 Foxh1 −/− embryos (Fig. 6B) . In embryos in which morphogenesis is less severely disrupted (Hoodless et al., 2001; Yamamoto et al., 2001 ), we observed that the Nepn expression domain was expanded into the anterior gut region. In wild-type embryos, Nepn expression is always posterior to the heart and anterior intestinal portal (AIP), whereas in Foxh1 −/− embryos, Nepn expression extends anteriorly, dorsal to the heart (arrow in Fig. 6B ), suggesting that high levels of Nodal signaling define the anterior boundary by inhibiting midgut marker Nepn expression. Together, our data suggest that Nodal/Activin signaling can modulate RA-dependent Nepn expression.
DISCUSSION
The mechanisms that define developmental domains and in particular the boundaries that limit those domains is crucial to understanding organogenesis in the embryo. Multiple signaling pathways have been implicated in endoderm patterning, including Nodal, RA, Wnt and FGF. Much of our understanding has been developed from in vitro studies of human and mouse stem cell differentiation. How these pathways interact in vivo is less well understood. Moreover, given the lack of DE-domain-specific markers, most of the work on DE patterning has been done using organ-specific markers that turned on at later stages of organogenesis (Wendling et al., 2000; Chen et al., 2007; Bayha et al., 2009) . We previously identified Nepn as a unique, specific marker of midgut DE (Hou et al., 2007) . Its expression initiates at E7.25, before overt formation of midgut endoderm, suggesting that midgut patterning begins early in development. Thus, Nepn provides a valuable tool to study early midgut patterning mechanisms, before organogenesis. Here, using a combination of in vivo, ex vivo and in vitro approaches, we identified two regulatory elements in the upstream promoter regions of Nepn: one at −381 bp is an RARE and a second at −678 bp is responsive to direct binding of Sox17. We observed that Sox17 and RA can cooperate to significantly increase Nepn promoter activity in vitro and that this promoter region can direct strong lacZ expression to DE in vivo.
Furthermore, Nepn expression is tightly regulated by Nodal/Activin A signaling, with high levels inhibiting its expression and low levels enhancing its expression. Our data further support the idea that the level of Activin/Nodal signaling is crucial to define the anterior boundary of Nepn expression in vivo. Together, these signaling pathways and transcription factors form a network that regulates Nepn expression and defines the midgut domain.
Nepn expression is directly regulated by Sox17 and RA signaling
The transcription factor Sox17 functions as an endoderm determinant (Kanai-Azuma et al., 2002) . Embryos lacking Sox17 exhibit reduced DE in the mid-and hindgut and Sox17-null embryonic stem cells are completely excluded from the mid-and hindgut in chimera assays, demonstrating the essential role of Sox17 in mid-and hindgut patterning (Kanai-Azuma et al., 2002) . Consistent with the lack of midgut and hindgut, Nepn is absent in Sox17 −/− embryos at E8.5. Moreover, our data indicate that Nepn is also a direct target of Sox17. Of note, by E9.0, weak expression of Nepn is observed in Sox17 −/− embryos (Fig. 1Avi) , suggesting that Sox17 is not essential at this stage. As Sox9 is able to induce Nepn in MEL cells (supplementary material Fig. S4 ), it may be compensating for the loss of Sox17. Interestingly, in β-catenin (Ctnnb1 -Mouse Genome Informatics) conditional knockout embryos in which Sox17 is almost absent, Nepn expression was also substantially decreased (Engert et al., 2013) , suggesting that Wnt/ β-catenin indirectly regulates Nepn expression through Sox17.
As Sox17 is more broadly expressed than Nepn, including in the visceral endoderm and throughout the foregut, midgut and hindgut (Kanai-Azuma et al., 2002) , factors in addition to Sox17 are required to control Nepn expression in the midgut. We found that RA signaling is a potent inducer of Nepn expression and it is dramatically reduced in Raldh2 −/− embryos, confirming its dependence on RA. Moreover, we observed that RA signaling can cooperate with Sox17 in P19 cells. Nepn is directly regulated by RA through a responsive element that is able to bind RARα. Of note, in P19 cells, Nepn expression is dramatically increased with relatively low concentrations of RA (0.1 μM), suggesting that Nepn promoter is highly sensitive to RA signaling. However, Nepn expression is not significantly upregulated until after 16 h of RA treatment in P19 cells, implying that induction of additional co-regulators, such as Sox17, are required. Notably, the 2.3 kb promoter region of Nepn, which contains the Sox17-binding site and the RARE, is sufficient to drive gene expression in the DE of transgenic embryos.
Nepn is first expressed at E7.25 in the mouse embryo and by E8.0, Nepn is expressed in the lateral DE. By E10.5, Nepn is expressed caudally from the stomach throughout dorsal pancreas and intestine (Hou et al., 2007) , encompassing the Pdx1 expression domain (supplementary material Fig. S5 ). By E11.5, the expression of Nepn and Pdx1 substantially overlap, although the expression of Nepn in the ventral pancreatic bud is substantially weaker compared with its expression in the dorsal pancreatic bud (supplementary material Fig. S5 ). By E14.5, Nepn is restricted to the exocrine pancreas (Anderson et al., 2009 ). Most recently, Nepn was found to label pancreatic progenitors in embryonic stem cell differentiation (De Angelis et al., 2014) . Previous studies have shown that Sox17 function is essential for Pdx1 expression in the dorsal and ventral pancreatic primordial (Kanai-Azuma et al., 2002) . In those studies, Hex expression was normal in Sox17 −/− embryos, indicating that liver and thyroid primordia are formed. Moreover, development of the dorsal pancreatic bud was absent in Raldh2 expressed in the ventral pancreatic bud but was absent in the dorsal pancreatic region. Thus, Nepn and Pdx1 expression share several common regulatory mechanisms in vivo, although Nepn is expressed substantially earlier than Pdx1. Together, the regulation of Nepn by Sox17 and RA signaling supports a crucial role for these factors in the patterning of the midgut DE.
RA and Activin/Nodal signaling define the boundaries of Nepn expression
Based on a RARE-lacZ reporter transgenic mouse line, the region responsive to RA signaling is localized to the trunk region of the embryo, posterior to the preotic sulcus, with lower levels of RA responsiveness extending into the hindgut (Sirbu and Duester, 2006) . The limits of the domain are regulated by a balance between the synthesis and metabolism of RA. Raldh2, the primary enzyme that synthesizes RA in the embryo, is not present in the DE but is found in the adjacent mesoderm. Raldh2 expression in the trunk mesoderm extends from the anterior region of the tailbud to the level of the posterior foregut (Molotkov et al., 2005) . Cyp26a1 encodes an RA-metabolizing enzyme and is expressed in the head and posterior region of the tailbud, thus restricting high RA activity to the trunk (Abu-Abed et al., 2001; Sakai et al., 2001; Sirbu et al., 2005) . In vivo, Nepn is exclusively expressed in the DE, and the anterior and posterior boundaries of Nepn are similar to those of the high RA-responsive domain in the trunk of the embryo, hinting that RA signaling may modulate the anterior and posterior boundaries of Nepn expression. A recent study in chick embryos showed that organogenesis in the entire endoderm is patterned along anteroposterior axis through RA signaling, in particular by regulating CdxA (Bayha et al., 2009 ). In our transgenic embryos, although the anterior boundary is maintained, the 2.3 kb promoter region of Nepn that contains the Sox17-binding site and the RARE is sufficient to drive lacZ expression throughout the hindgut region, suggesting that the posterior boundary is not maintained. It is possible that the Nepn promoter is highly sensitive to RA and is responding to the lower levels of RA in the hindgut region. Together, our results support a model in which Sox17 restricts Nepn expression to the DE while RA signaling promotes expression in the midgut and hindgut. Additional factors, possibly Cdx related, are probably necessary to refine the posterior boundary of Nepn expression (Fig. 7) . As high levels of Nodal are required for foregut formation, we examined Foxh1 −/− embryos in which Nodal signaling is reduced and foregut formation is disrupted (McKnight et al., 2010) . In Foxh1 −/− embryos, Nepn expression extends into the anterior pocket region, indicating that Nepn expression can be expressed anterior to the anterior intestinal portal and suggesting that the foregut region in these embryos has a midgut identity. We further observed that Nepn expression can be controlled in P19 cells by Activin in a dose-dependent manner, in conjunction with RA. At high Activin concentrations normally used for endoderm induction in stem cells (100 ng/ml), RA-dependent induction of Nepn is inhibited; at lower doses of Activin (10 ng/ml), Nepn expression is significantly enhanced. We were not able to identify an Activin response element in the Nepn promoter, although one could be outside of the domain studied here (supplementary material Fig. S3B ). Alternatively, Activin may indirectly enhance Nepn RA-dependent expression, as Activin may promote differentiation of the P19 cells. Although the levels of Sox17 were not affected by inclusion of Activin, Nepn expression in response to Activin and RA correlates with the expression of Cdx2 in P19 cells (supplementary material Fig. S6A) , suggesting that at the lower concentrations of Activin, P19 cells have a posterior identity. Of note, Nepn expression is absent in Cdx1 −/− ;Cdx2 −/− embryos (supplementary material Fig. S6B ), indicating that midgut endoderm is not formed and supporting studies showing that in the absence of Cdx2, the endoderm is converted to foregut/esophageal-like cells (Gao et al., 2009) . Of interest, we were not able to identify an Activin responsive element in luciferase assays using the 8 kb promoter region upstream of Nepn, suggesting that the Activin regulatory region lies outside of the region analyzed. Alternatively, Nepn induction by Activin may be indirect by promoting differentiation of the cells to foregut endoderm and establishing the anterior boundary through regulation of RA signaling.
Nepn is a member of the small leucine-rich repeat (SLRP) family of proteins. It is a secreted, N-glycosylated inhibitor of TGFβ signaling (Mochida et al., 2006) and a potent inhibitor of Activin signaling (supplementary material Fig. S7 ). Due to the similarities between Nodal and Activin signaling, it is possible that Nepn can also inhibit Nodal signaling in the embryo. Moreover, Nodal has an RA-responsive element and can be ectopically induced in E6.5 embryos lacking all three Cyp26 genes that fail to degrade RA derived from the maternal bloodstream (Uehara et al., 2009) ; embryonic RA synthesis does not begin until E7.5 when Raldh2 expression is first observed (Sirbu et al., 2005) . Thus, RA does not normally interfere with Foxh1 function to properly induce high levels of Nodal to promote foregut formation. As development proceeds, Nepn may be induced by RA to inhibit Nodal signaling and prevent posterior expansion of the foregut domain in the DE. As high levels of Nodal signaling are required for foregut, but not midgut or hindgut formation, the balance between foregut and midgut could be altered by RA signaling. Thus, our data suggest that Nodal, RA and Nepn may form a feedback loop to regulate the foregut-midgut boundary in the embryo (Fig. 7) . Further studies to explore the relationship of these factors will be required.
In summary, our data support a model in which a core regulatory network comprised of Nodal/Activin signaling, RA signaling and Sox17 regulate Nepn expression and pattern the midgut DE. In this core network, Sox17 is required for Nepn expression in DE. RA synthesized from adjacent mesoderm cells, diffuses to regulate Nepn expression within the midgut domain and, along with an unknown factor, contribute to the posterior boundary. The Nepn anterior boundary is refined by a feedback loop formed by Nepn, RA and Nodal/Activin signaling (Fig. 7) . Our work supports and extends previous models (Zorn and Wells, 2009; Kraus and GrapinBotton, 2012) with in vivo molecular data in the mouse. Moreover, other signaling pathways, such as Wnt and FGF, are involved in both endoderm formation and patterning and are likely to contribute to Nepn regulation.
MATERIALS AND METHODS
Whole-mount in situ hybridization (WISH)
All mouse studies conformed to the regulatory standards and protocols adopted by the appropriate animal oversight committees at the University of British Columbia, University of Utah, Sanford-Burnham Medical Research Institute, University of Ottawa or McGill University Animal Research Committee at the Sanford-Burnham Medical Research Institute. Embryos were obtained from crosses of Foxh1 (Hoodless et al., 2001) , Sox17 (Saund et al., 2012) or Raldh2 (Mic et al., 2002) heterozygous mice. Embryos were staged based on morphology and the number of somites, as previously described (Downs and Davies, 1993) . Embryos were dissected from the uterus in DPBS (Invitrogen), fixed with 4% paraformaldehyde overnight at 4°C, dehydrated through a graded methanol series and stored at −20°C. WISH was carried out as previously described (Hou et al., 2007) . Stagedmatched heterozygous littermates were used as controls. For each experiment, at least five embryos were examined, and representative embryos are shown in the figures. The Nepn in situ probe was previously described (Hou et al., 2007) .
Cell culture, vector construction and luciferase reporter assay P19 and MEL cells were cultured in DMEM (STEMCELL Technologies) supplemented with 10% FBS (Hyclone). RA was reconstituted in DMSO to a working stock of 10 −3 M. Corresponding amounts of DMSO were supplemented as a control in all experiments. Nepn upstream regions were generated by PCR from bacterial artificial clone (BAC) DNA, RP24-251C12, and cloned into pGL3 basic luciferase reporter vector (Promega). Reporter vectors were co-transfected with the Renilla luciferase construct, TK-RL, and, if indicated, with pBOS-Sox17 or pBOS-Venus. P19 cells were seeded at 5×10 4 /well in a 24-well plate and transfected with Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. For each well, 0.8 μg of the reporter luciferase vector, 0.02 μg TK-RL and 0.04 μg Sox17 or control vector were typically used. The medium was refreshed with indicated treatments 6 h after transfection. Cell lysates were collected 48 h after transfection, and Firefly and Renilla luciferase activities were measured using the Dual Luciferase Assay (Promega) according to the manufacturer's instructions. Firefly luciferase was normalized to Renilla luciferase, and normalized to the respective negative controls (DMSO or pBOS-Venus).
Transient transgenic reporter assay
To construct the lacZ reporter vector, lacZ was subcloned into pGL3 to replace firefly luciferase. The microinjection and lacZ staining were performed as previously described (Uehara et al., 2009; Yamanaka et al., 2010) .
RNA quantification
Total RNA was extracted with Trizol (Invitrogen) using MaXtracthigh density phase-lock gels (Qiagen). RNA was reverse-transcribed and quantified using SYBR Green-based real-time PCR (qRT-PCR) according to manufacturer's instructions (Roche) with ABI PRISM 7300 Sequence Detection System. Gapdh or actin served as controls for normalization.
Whole-embryo culture E7.5 Institute of Cancer Research (ICR) mouse embryos were dissected in warm DMEM supplemented with 10% FBS. Embryos with similar developmental stage were transferred to 50 ml falcon tubes containing 50% rat serum in DMEM in the presence of either RA, BMS493 or DMSO, and rotated for 24 h under 5% CO 2 at 37°C as described (Yamamoto et al., 2003) . For each condition, at least five embryos were examined, and representative embryos are shown.
Electrophoretic mobility supershift assay
Myc-Sox17 and Myc-RARα were generated from pBOS-Sox17, which was cloned from mouse cDNA (Kanai et al., 1996) and pSG5-RARα (Underhill et al., 1994) , respectively, by subcloning into the vector N′ Myc-V517 (Turkson et al., 2004; Colwill et al., 2006) . For Sox17 binding assay, cell nuclear extracts were prepared from HEK293T cells with V518-Myc-Sox17. For RARα binding assay, cell nuclear extracts were prepared from RA-treated P19 cells transfected with V518-Myc-RARα. Wild-type or mutant oligos containing transcription factor-binding sites were annealed with their antisense. Then, double-stranded wild-type oligonucleotides were radiolabeled with (γ-32 P) ATP using T4 polynucleotide kinase according to the manufacturer's instructions (Invitrogen). Gel shift assays were performed as previously described using Novex EMSA gel system (Invitrogen) (Xiang et al., 2010) . Anti-Myc antibody was purchased from Covance.
Statistics
All data presented are representative of at least three independent experiments unless indicated otherwise. Data are presented as mean±s.d. Statistical analysis was performed using Student's t-test. Statistical significance was inferred at *P<0.05 and **P<0.01.
